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NANOSTRUCTURED LIQUID BEARING 



Field of the Invention 

The present invention relates generally to bearings and, more 
particularly, to liquid bearings having nanostructured surfaces. 



5 Background of the Invention 

Bearings are extremely well-known as being advantageous in many 
varied applications to reduce friction between two surfaces and to carry loads 
for rotary or linear motion. Some bearings in some applications, such as ball 
bearings, roller bearings, plain bearings and sleeve bearings, rely on 

10 mechanical components (such as metal or ceramic balls in the case of some 
ball bearings) to reduce friction and support a load. Other bearings, such as 
air bearings and liquid bearings use a volume of air or liquid, respectively, to 
reduce friction between surfaces and to support loads. In such liquid or air 
bearings, a layer of fluid (e.g., a liquid or a gas) is injected between the 

15 surfaces to create an interface between those surfaces that has substantially 
reduced friction when compared to the friction between contacting solid 
surfaces without the benefit of the fluid intermediate layer. 

One of the many varied uses of bearings is in devices such as 
gyroscopes. Traditional gyroscopes, which are well known in the art, are 

20 typically devices consisting of a spinning mass, such as a disk or wheel, 
mounted on a base or in a housing so that an axis of the disk or wheel can 
turn freely in one or more directions and thereby maintain its orientation 
regardless of any movement of the base or housing. Bearings are frequently 
used in such gyroscopes to reduce friction between the disk/wheel and the 

25 base or housing as the disk/wheel spins. 

However, the use of traditional gyroscope components does not scale 
well to smaller devices using traditional bearings. Specifically, when the 
device using the bearing becomes very small, ever smaller bearings are 
required. However, the smaller the bearing, the less effective it is at reducing 

30 friction in such small devices. Additionally, a small spinning mass such as is 
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used in a traditional gyroscopes leads to a correspondingly reduced angular 
momentum of the mass. Specifically, a gyroscope operates on the principle 
of preservation of angular momentum. This principle teaches that a rotating 
mass will retain its direction and magnitude of angular momentum in the 
5 absence of an external torque large enough in magnitude to overcome this 
angular momentum. Angular momentum (L) is defined by the equation: 

L = 7*w Equation 1 

10 where I is the moment of inertia and w is the angular velocity. The moment of 
inertia is defined by the equation 

I= l AMR 2 Equation 2 

15 where M is the mass of the disk and R is the radius of the disk. Thus, for 
extremely small mass and radius disks, the moment of inertia is 
correspondingly small. Therefore, at traditional rotational velocities, the 
angular momentum of such a small disk will be low enough that it will typically 
be easily overcome by a small applied torque that will disturb the operation of 

20 the gyroscope. While one method of increasing the angular momentum would 
be to increase the angular velocity of the mass, the friction resulting from prior 
bearings would limit the maximum increase in velocity. Hence, prior rotational 
gyroscopes having such small dimensions are limited in their usefulness. 
More recently, in order to address the need for small gyroscopes, 

25 microelectronic mechanical systems (MEMS) gyroscopes have been 

developed and manufactured. Such gyroscopes are manufactured using well 
known substrate processing techniques, such as lithography and etching, and 
typically do not rely on a spinning mass. Instead, MEMS gyroscopes typically 
consist of a small oscillating mass that is anchored to a substrate by flexible 

30 tethers that allow the mass to oscillate at a constant frequency in two 

orthogonal directions. When angular rotation is experienced, a detectable 
force proportional to the angular rate of rotation is generated in one of the 
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orthogonal directions. However, such oscillating gyroscopes are limited in 
that they cannot typically achieve the high mass velocities that rotational 
masses can achieve. As a result, the precision of these oscillating MEMS 
gyroscopes has been limited. 

5 

Summary of the Invention 

The present inventors have invented a liquid bearing that substantially 
resolves the above problems with prior bearings. Specifically, bearings in 
accordance with the principles of the present invention use a droplet of liquid 

10 to separate a first surface having a plurality of nanostructures from a second 
surface which may or may not be nanostructured. In one embodiment, the 
liquid droplet is in contact with the nanostructures on the first surface and the 
second surface in a way such that friction is reduced between the first and 
second surfaces as one or both surfaces move laterally or rotationally. In 

15 another illustrative embodiment, the first surface of the bearing is a surface of 
a housing in a gyroscope and the second surface is a nanostructured surface 
of a mass adapted to rotate within the housing. Thus situated, the rotating 
mass moves with very low friction permitting, for example, the manufacture of 
very small high angular velocity, highly precise gyroscopes. 

20 In another illustrative embodiment, the capacitance between at least a 

first segment on the gyroscope mass and at least a first segment on a surface 
of the housing is measured. The capacitance between the segments on the 
mass and the segments on the surface changes as a function of the distance 
between the segments. Therefore, by detecting relative or absolute changes 

25 in capacitance, the movement of the gyroscope housing is determined. 

Brief Description of the Drawing 

FIGs. 1A, 1B, 1C, 1D and 1E show various prior art nanostructure 
feature patterns of predefined nanostructures that are suitable for use in the 
30 present invention; 

FIG 2 shows an illustrative prior art device wherein a liquid droplet is 
disposed on a nanostructured feature pattern 
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FIG. 3A shows a prior art microline surface; 
FIG. 3B shows a prior art micropost surface; 
FIG. 3C shows a prior art nanopost surface; 

FIG. 3D shows a droplet of liquid disposed on the prior art surface of 
5 FIG. 3A and the corresponding contact angle that results between the droplet 
and that surface; 

FIG. 3E shows a droplet of liquid disposed on the prior art surface of 
FIG. 3B and the corresponding contact angle that results between the droplet 
and that surface; 

10 FIG. 3F shows a droplet of liquid disposed on the prior art surface of 

FIG. 3C and the corresponding contact angle that results between the droplet 
and that surface; 

FIG. 4 shows an illustrative embodiment of a bearing in accordance 
with the principles of the present invention; 
15 FIG. 5 shows an illustrative embodiment of a gyroscope having a 

bearing in accordance with the principles of the present invention; 

FIG. 6 shows an illustrative embodiment of how a droplet of liquid in a 
bearing can be made to move to and/or maintain a desired position on a 
surface in accordance with the principles of the present invention; and 
20 FIG. 7 shows one illustrative embodiment wherein movement of the 

housing of the gyroscope of FIG. 5 is capable of being detected 

Detailed Description 

FIGs. 1 A-1 E show different illustrative superhydrophobic surfaces 
25 produced using various methods. Specifically, these figures show surfaces 
having small posts, known as nanoposts and/or microposts with various 
diameters and with different degrees of regularity. An illustrative method of 
producing nanoposts and microposts, found in U.S. Patent No. 6,185,961, 
titled "Nanopost arrays and process for making same," issued February 1 3, 
30 2001 to Tonucci, et al, is hereby incorporated by reference herein in its 

entirety. Nanoposts have been manufactured by various methods, such as by 
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using a template to form the posts, by various means of lithography, and by 
various methods of etching. 

When a droplet of liquid, such as water, is placed on a surface having 
an appropriately designed nanostructured or microstructured feature pattern, 
5 the flow resistance experienced by the droplet is dramatically reduced as 
compared to a droplet on a surface having no such nanostructures or 
microstructures. Surfaces having such appropriately designed feature 
patterns are the subject of the article titled "Nanostructured Surfaces for 
Dramatic Reduction of Flow Resistance in Droplet-based Microfluidics", J. Kim 

10 and C.J. Kim, IEEE Conf. MEMS, Las Vegas, NV, Jan. 2002, pp. 479-482, 
which is hereby incorporated by reference herein in its entirety. That 
reference generally describes how, by using surfaces with predetermined 
nanostructure features, the flow resistance to the liquid in contact with the 
surface can be greatly reduced. Specifically, the Kim reference teaches that, 

15 by finely patterning the surface in contact with the liquid, and using the 

aforementioned principle of liquid surface tension, a droplet of liquid disposed 
on the surface will be supported on the tops of the nanostructure pattern, as 
shown in FIG. 2. Referring to FIG. 2, droplet 201 of an appropriate liquid 
(depending upon the surface structure) will enable the droplet 201 to be 

20 suspended on the tops of the nanoposts 203 with no contact between the 

droplet and the underlying solid surface. This results in an extremely low area 
of contact between the droplet and the surface 202 (i.e., the droplet only is in 
contact with the top of each post 203) and, hence a low flow resistance. 

As typically defined a "nanostructure" is a predefined structure having 

25 at least one dimension of less than one micrometer and a "microstructure" is a 
predefined structure having at least one dimension of less than one millimeter. 
However, although the disclosed embodiments refer to nanostructures and 
nanostructured surfaces, it is intended by the present inventors, and will be 
clear to those skilled in the art, that microstructures may be substituted in 

30 many cases. Accordingly, the present inventors hereby define nanostructures 
to include both structures that have at least one dimension of less than one 
micrometer as well as those structures having at least one dimension less 
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than one millimeter. The term "feature pattern" refers to either a pattern of 
microstructures or a pattern of nanostructures. Further, the terms "liquid," 
"droplet," and "liquid droplet" are used herein interchangeably. Each of those 
terms refers to a liquid or a portion of liquid, whether in droplet form or not. 
5 FIGs 3A-3F show how different, extremely fine-featured microstructure 

and nanostructure surface patterns result in different contact angles between 
the resulting surface and a droplet of liquid. Generally, the greater the contact 
angle, as shown in FIGs. 3A-3F, the lower the flow resistance experienced by 
the droplet. FIGs. 3A and 3B show a microline surface and a micropost 

10 surface, respectively. Each of the lines 301 in FIG. 3A is approximately 3-5 
micrometers in width and each of the microposts 302 in FIG. 3B is 
approximately 3-5 micrometers in diameter at its widest point. Comparing the 
microline pattern to the micropost pattern, for a given size droplet disposed on 
each of the surfaces, the contact area of the droplet with the microline pattern 

15 will be greater than the contact area of the droplet with the micropost pattern. 
FIGs. 3D and 3E show the contact angle of a droplet relative to the microline 
surface of FIG. 3A and the micropost surface of FIG. 3B, respectively. The 
contact angle 303 of the droplet 305 on the microline pattern is smaller (-150 
degrees) than the contact angle 304 of the droplet 306 with the micropost 

20 pattern (~1 60 degrees). As described above, it directly follows that the flow 
resistance exerted on the droplet by the microline pattern will be higher than 
that exerted by the micropost pattern. 

FIG. 3C shows an even finer pattern than that of the microline and 
micropost pattern. Specifically, FIG. 3C shows a nanopost pattern with each 

25 nanopost 309 having a diameter of less than 1 micrometer. While FIG. 3C 

shows nanoposts 309 formed in a somewhat conical shape, other shapes and 
sizes are also achievable. In fact, cylindrical nanopost arrays have been 
produced with each nanopost having a diameter of less than 10 nm. 
Specifically, Referring to FIG. 3F, a droplet 307 disposed on the nanopost 

30 surface of FIG. 3C, is nearly spherical with a contact angle 308 between the 
surface and the droplet equal to between 175 degrees and 180 degrees. The 
droplet 307 disposed on this surface experiences nearly zero flow resistance. 
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FIG. 4 shows one illustrative embodiment of a bearing 400 in 
accordance with the principles of the present invention. Specifically, FIG. 4 
shows bearing 400 having a first surface 404 and a second surface 405. 
Surfaces 404 and 405 are, illustratively, surfaces of a housing. Component 
5 403 is, for example, suspended between surfaces 404 and 405 by two 

illustrative droplets of liquid 401 and 402, respectively, which are, for example, 
droplets of water in contact with surfaces 403a and 403b of component 403. 
Surfaces 403a and 403b are illustratively nanostructured surfaces having, for 
example, a plurality of nanostructures or microstructures disposed thereon in 

10 order to reduce the flow resistance of that portion of the droplet in contact with 
component 403. Accordingly, as described above, one skilled in the art will 
recognize that component 403 can move laterally in direction x or rotationally 
about axis y, for example, and for the reasons described above, will 
experience an extremely low level of friction even at very small component 

15 sizes. Thus, droplets 401 and 402 function as a bearing in that they support 
component 403 between illustrative housing surfaces 404 and 405 while, at 
the same time, reducing friction that would otherwise occur between the 
housing and component 403. 

The above-described friction reduction can be advantageous in many 

20 applications. For example, FIG. 5 shows an illustrative gyroscope device 500 
in accordance with the principles of the present invention having a bearing 
similar to bearing 400 in FIG. 4. Specifically, referring to FIG. 5, gyroscope 
500 has an illustrative cylindrical housing 501 with upper surface 502, lower 
surface 505 and side surface 504. Mass 507, illustratively an electrically 

25 conducting or partially electrically conducting disk having upper surface 507a 
and lower surface 507b, is separated from both upper surface 502 and lower 
surface 505 by droplets of liquid 509 and 510, respectively, which are 
illustrative electrically conducting droplets of water. Mass 507 is, illustratively, 
a disk having a diameter of between 1 0 and 1 000 micrometers, however one 

30 skilled in the art will readily appreciate that the principles disclosed herein 
area equally applicable to a wide range of mass dimensions, both larger and 
smaller than the above range of diameters. One skilled in the art will also 
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recognize in light of the teachings herein that many liquids may be 
advantageously used for droplets 509 and 510. 

Droplets 509 and 51 0 illustratively contact mass 507 at area 508 which 
has, for example, a plurality of nanostructures disposed on both surfaces 
5 507a and 507b. Droplets 509 and 510 are held in position on both sides of 
mass 507 in area 508 by, for example, varying the density of the 
nanostructures on the surfaces 507a and 507b. FIGs. 6A and 6B shows one 
embodiment in accordance with the principles of the present invention for 
varying the density of the nanostructures, here conical nanoposts, to cause 

10 the droplet to remain held in a desired position. Causing a droplet of liquid to 
be held in a position of higher density of nanostructures, or moving a droplet 
to such a position, is in part the subject of copending U.S. Patent Application, 
Serial Number 10/403159, filed 03/31/2003, and titled "Method and Apparatus 
for Controlling the Movement of a Liquid on a Nanostructured or 

15 Microstructured Surface," which is hereby incorporated by reference herein in 
its entirety. 

Referring to FIG. 6A, nanostructures 601 on surface 507a in area 508 
are arranged such that the droplet 509 maintains its position relative to area 
508 on surface 507a. Specifically, the nanoposts 601 are arranged so that 

20 the density of nanoposts 601 is higher in area 508 at the center 602 of the 
plurality of nanoposts than it is at the outer edges of area 508. Thus, in its 
nominal position in area of nanoposts in the center 602 of nanoposts 601, the 
edges 605 and 606 of droplet 509 have angles of contact 01 = 9 2 . However, 
referring to FIG. 6B, if the droplet 509 were to be displaced, for example, in 

25 direction 603, the edge 605 of droplet 509 would be in contact with a higher 
density of nanoposts than would edge 606. This increased density will lead to 
a lower contact angle at edge 605 of the droplet 509 relative to the contact 
angle at the edge 606 of the droplet 509. The lower contact angle at edge 
605 leads to a lower force in direction 603 applied to the droplet 509 

30 compared to the force generated in direction 604 by the relatively higher 
contact angle at edge 606. Thus, the droplet 509 will "drift" in direction 604 
toward the area of higher density of nanoposts 602 as the liquid droplet 509 
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attempts to achieve equilibrium. Thus, by placing the highest density of 
nanoposts at that location at which it is desired to have the liquid droplet 509 
positioned on the surface 507a, a liquid droplet can be displaced away from 
that position and it will autonomously move toward that area of highest density. 
5 One skilled in the art will recognize that there are other equally advantageous 
methods of holding causing droplet 509 to be held in a desired position other 
than that embodiment represented by FIG. 6. For example, as also discussed 
in the above referenced '159 US Patent Application, a voltage may be applied 
to that portion of the nanostructures to which the droplet is desired to be 

10 located. If the droplet is displaced away from that area, the voltage will result 
in a similar change in contact angle as that discussed above and, as a result, 
the droplet will once again drift back to its desired nominal position. The 
teachings of the present invention are intended to encompass all such 
methods of returning the droplet to a desired position on a nanostructured 

15 surface. 

Referring once again to FIG. 5, droplets 509 and 510 are thus 
maintained in a desired position which is, illustratively, the position along the 
rotational axis of mass 507. In operations, mass 507 is caused to rotate in a 
way such that when the orientation of housing 501 changes, , the mass 507 

20 tends to retain its orientation along the x-axis. In order to achieve the 

necessary rotation, the side surface 504 of housing 501 may act, illustratively, 
as part of an electrostatic drive system. Specifically, in order to achieve such 
a drive system, mass 507 is segmented into a plurality of illustrative 
electrically conductive disk segments 507c - 507j and side surface 504 is 

25 similarly segmented into a plurality of electrically conductive housing 

segments 504a - 504h. Although the number of segments of the mass is, as 
illustrated in FIG. 5, the same as the number of segments of the housing, one 
skilled in the art will recognize in light of the teachings herein, that many 
configurations of segments of either the housing and/or the disk are possible 

30 to achieve equally advantageous results. In order to initiate and maintain 
rotation of the mass 507, a charge is illustratively applied to opposing 
segments of the mass such as, in this illustrative example, a positive charge 
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10 



applied to segments 507d and segments 507h. Such a positive charge may 
be applied, for example, by passing an electrical current from a current source 
to segments 507d and 507h via droplet 509 and electrical leads 512. In this 
example, rotation of the mass is initiated by applying an illustrative negative 
5 charge to a plurality of housing segments, such as, for example, segments 
504b and 504f. When such a negative charge is applied, the positively 
charged mass segments will be attracted to the closest housing segment 
having a negative charge thus causing, in this example, the disk to begin 
rotating in direction 511. If the negative charge was maintained on housing 

10 segments 504b and 504f, the disk would eventually reach equilibrium with 
mass segment 507d centered on housing segment 504b and disk segment 
507h centered on housing segment 504f. Accordingly, in order to achieve a 
desired rotational velocity of mass 507, the negative charge applied to the 
housing segments is advanced progressively faster from one housing 

15 segment to the next on opposite sides of the housing. For example, once the 
mass 507 begins rotating, the charge applied to housing segments 504b and 
504f will be removed, replaced with a negative charge to housing segments 
504c and 504g, respectively. This is then followed by sequentially applying a 
negative charge to each segment in the housing at a faster and faster rate of 

20 progression until the desired rotational velocity of mass 507 is achieved. 

In order to maintain the rotational velocity of the mass, the sequential 
progression of applied negative charges to the housing segments can be 
maintained at a desired progression frequency. One skilled in the art will 
recognize in light of the teachings herein that, for previously discussed 

25 reasons, friction between the interface of the nanostructured surfaces of mass 
507 and the droplets 509 and 510, is significantly reduced or eliminated. 
Thus, in one illustrative embodiment, the velocity of the mass 507 is, 
illustratively, 600,000 rotations per minute. Such a high velocity is made 
possible by the low friction interface resulting from the liquid bearings 

30 described herein. As discussed previously, such high angular velocities will 
lead to relatively high angular momentum, as calculated by Equation 1 , even 
though the size and mass of the rotating disk is so small. Thus, even when 
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the disk experiences an external torque, the principle of angular momentum 
will be retained, thus permitting the device to operate as a highly precise 
gyroscope. One skilled in the art will realize that many configurations may be 
used to initiate and maintain the rotation of disk 507 such as, for example, 
5 applying an electrical charge to any number of one or more of the disk 

segments and/or the housing segments. All methods initiating rotation of the 
mass 507 within housing 501 are intended to be encompassed by the 
teachings of the present invention. 

Gyroscopes, such as gyroscope 500 in FIG. 5, are useful for detecting 

10 when the platform upon which the gyroscope is mounted moves from a 
nominal position. FIG. 7 shows how such a movement of housing 501 is 
detected when that housing is displaced from its nominal position. 
Specifically when, for example, housing 501 is displaced in directions 705 and 
706 (e.g., the housing is rotated), mass 507 will tend to stay oriented in its 

15 nominal position of rotation along about the y-axis. Thus, one illustrative 
method of detecting when the orientation of housing 501 has changed is to 
detect when distances 701 , 703, 702 and/or 704, which represent the 
distance between the outer edges of the mass 507 and portions of surfaces 
502 and 505, change. Referring once again to FIG. 5, one method of 

20 detecting such a change is to segment surface 502 and surface 505 into a 
plurality of, for example, electrically conducting segments 502a - 502f . 
Although not shown in FIG. 5, surface 505 is illustratively divided into 
segments 505a - 505f that correspond to segments 502a - 502f of surface 
502 such that, when viewed from above, segment 505a would lie directly 

25 below segment 502a, segment 505b would lie directly below segment 502b, 
etc. One skilled in the art will recognize that, while six segments are shown in 
the illustrative embodiment of FIG. 5, any suitable number of segments could 
be used equally advantageously. 

Referring once again to FIG. 7, when housing 501 rotates in directions 

30 706 and 705, as discussed above, surfaces 507a and 507b of mass 507 
change distance relative to, for example, illustrative segments 502d, 505d, 
502a and 505a of surfaces 502 and 505, respectively, in FIG. 5. As 
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previously discussed, some or all of the segments of both the housing surface 
502 and the mass 507a may be manufactured from an electrically conducting 
material. If so, when a current is passed over at least some of the segments 
of disk 507 (such as the aforementioned segments 507d and 507h shown in 
5 FIG. 5), a measurable capacitance is created between the segments on 
surface 507a and each of the segments on surface 502, such as segments 
502a and 502d in FIG. 7. Similarly, a measurable capacitance is created 
between the segments on surface 507b and each of the segments on surface 
505, such as segments 505a and 505d in FIG. 7. As the segments on mass 

10 507 become closer or further from the segments of surfaces 502 and 505, 
these measurable capacitances change. Specifically, in the illustrative 
embodiment shown in FIG. 7, as the housing 501 rotates, surface 507a 
becomes positioned further away from segment 502d and closer to segment 
502a while surface 507b becomes positioned closer to segment 505d and 

15 further from segment 505a. Accordingly, for example, the capacitance as 
measured from segment 502d drops and the capacitance as measured from 
segment 502a rises. One skilled in the art will recognize that, if capacitance 
measurements are taken in all segments on, for example, surface 502, a 
relatively high degree of precision of detection of the motion of housing 501 

20 can be achieved. 

The foregoing merely illustrates the principles of the invention. It will 
thus be appreciated that those skilled in the art will be able to devise various 
arrangements which, although not explicitly described or shown herein, 
embody the principles of the invention and are within its spirit and scope. For 

25 example, one skilled in the art, in light of the descriptions of the various 

embodiments herein, will recognize that the principles of the present invention 
may be utilized in widely disparate fields and applications. For example, while 
a gyroscope is presented herein as an illustrative embodiment of how the 
liquid bearings of the present invention may be used, one skilled in the art will 

30 fully appreciate the wide-ranging potential use of such bearings in many 
applications. For example, one skilled in the art will recognize that the 
illustrative gyroscope using the novel bearings described herein above can 
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also be characterized as a MEMS motor. Previous MEMS motors have been 
used in such applications as microfluidics pumps or micro-chemical reactors. 
However, these devices were typically characterized as having moving 
mechanical parts in direct contact with one another. Thus, such motors were 
5 relatively unreliable as, eventually, one or more parts of the motor would 

deteriorate to the point that the motor would not operate. Since the illustrative 
liquid bearings described herein have no mechanical part-to-mechanical part 
contact, the reliability of MEMS motors relying on these bearings could be 
potentially dramatically improved. 

10 Additionally, MEMS motors using bearings in accordance with the 

principles of the present invention could be advantageously used in optical 
application such as, for example, in an optical switch. Such switches 
frequently rely on small mirrors that are reoriented, typically, by using 
electrostatic force to move mirrors mounted on, for example, torsion springs. 

15 However, generating such electrostatic forces typically required complicated 
algorithms and control logic to accomplish precise movements of each mirror 
in, for example, an array of mirrors. A liquid bearing- based MEMS motor that 
is capable of moving in steps (i.e., a stepping motor) could be used as a 
highly reliable, simplified mechanism to reliably and quickly achieve new 

20 mirror orientations. Such motors would overcome the inherent limitations of 
prior electrostatic mirror systems. 

One skilled in the art will be able to devise many similar uses of the 
underlying principles associated with the present invention, all of which are 
intended to be encompassed herein. All examples and conditional language 

25 recited herein are intended expressly to be only for pedagogical purposes to 
aid the reader in understanding the principles of the invention and are to be 
construed as being without limitation to such specifically recited examples and 
conditions. Moreover, all statements herein reciting aspects and 
embodiments of the invention, as well as specific examples thereof, are 

30 intended to encompass functional equivalents thereof. 



